It is known that chemotherapy induces alopecia in humans, with important psychological and social implications in spite of its reversibility. Among chemotherapeutic drugs, anthracyclines are widely used, yet cause severe alopecia. One of the causes for the elevated sensibility of hair follicles to anthracyclines, and to drugs in general, is the high proliferation rate of follicular epithelium and the long duration of the growth phase (up to 7 years in humans). To clarify the mechanism of anthracycline toxicity, we used a rat model and focused our attention on the morphological alterations in hair follicles induced by doxorubicin. We observed the progression of hair follicle degeneration in the epithelial and mesenchymal compartments until alopecia arose, by both light and electron microscopy. As a first sign of damage, significant apoptosis was detected in the proximal perifollicular connective tissue sheath and sporadically in the matrix, near the interface between matrix and follicular papilla. We propose the apoptotic remodeling of the mesenchymal compartment as a process that is fundamental to the progression of events leading to alopecia. Regarding the epithelial compartment, it is important to note that oncosis was observed in a large number of follicular cells in the outer root sheath during the last stages of hair follicle regression. This indicates that oncosis is involved in a major way in the damage of epithelial cells.
Damage of hair follicles (HF) and subsequent hair loss is a common side effect of the administration of cancer chemotherapeutic drugs in humans. 1 The severity of alopecia is drug, dose and schedule dependent. 2 Among chemotherapeutic drugs, anthracyclines are widely used but cause severe alopecia in up to 80% of cancer therapy cases. 3 The high toxicity of anthracyclines and chemotherapeutic drugs in general, to follicles depends on the high proliferation rate of the cells composing their structure. Moreover, HFs are miniorgans that are supplied by a rich blood flow, thus rendering HFs a privileged site for the accumulation of many compounds. 4 Alopecia is commonly reversible, but poses a problem from a psychological point of view due to the association of hair loss with the loss of attractiveness, individuality, changes in self-concept and body image. 5 In addition, patients can suffer evident alterations in hair color and texture 6 upon subsequent hair growth. These psychosocial implications may lead to the refusal of treatment, 7 hence outlining the interest in studies aimed at the prevention of alopecia.
Although many studies aimed at understanding the phenomena that drives hair follicle degeneration after chemotherapy have been performed to date, effective methods preventing hair loss are still lacking. Several studies using animal models, in which alopecia was induced by drug treatment, suggested that alopecia induced by chemotherapeutics is principally mediated by the induction of apoptosis within the proliferative-epithelial compartment. 8, 9 On the other hand, a study performed with morphological methods, indicated that apoptosis within the epithelial compartment is present in a low percentage of cells after treatment. 10 These preliminary statements lead us to further study the modality of cell death or degeneration that cooperates with apoptosis to drive HF degeneration. Recent careful morphological observations by Tobin et al 11 have underlined as HF is a refined miniorgan, in which cycling life depends on a complex series of interactions between epithelial and mesenchymal compartments.
On these bases, we investigated the effects of chemotherapy on both epithelium and mesenchyme from a morphological point of view using a rat model previously described by Hussein et al. 12 We focused particular attention to the different steps occurring from the first signs of HF suffering to the arise of alopecia.
We observed that both structural and ultrastructural morphological modifications affected the epithelial and mesenchymal compartments of the HF and that besides apoptosis, oncosis was involved in hair follicle degeneration. Oncosis (from 'onkoB', meaning swelling) is defined as a form of cell death characterized by cellular and organelle swelling and increased membrane permeability. 13 The mechanism of oncosis is due to the failure of the ionic pumps localized on the plasma membrane, generally caused by ischemia or toxic agents that increase membrane permeability. Data reported in literature suggest that this process can be involved in cell death induced by oxidative stress 14 and in particular in cells treated with doxorubicin (DXR). 15 From a molecular point of view, Mills et al 16 recently proposed that the expression of uncoupling protein 2 (UCP2) can induce oncosis, while its inhibition can selectively protect cells from oncotic stress but not from apoptosis. This indicated that oncosis is a cell death phenomenon that can be theoretically targeted, even though it is not yet fully understood.
Our findings regarding the mechanism of chemotherapy-induced cell death may be useful in future studies aimed at preventing hair loss.
Matherials and methods

Animals
For the animal model of chemotherapeutic-induced alopecia, we referred to the method of Hussein et al, 12 with minor modifications: 7-day-old rats, with hair follicles in the first postnatal anagen phase, were intraperitoneally injected with DXR 3 mg/kg/ day for 4 days. Mild or severe alopecia (at least 50 or 80% respectively of the total occipital region, personal observation) arose suddenly around 10 days after the first injection (17 days p.n.), in the head and proximal neck regions in nearly 80% of injected rats. In total, 90 animals were treated and 14 animals were used as negative controls. Samples of skin were taken from rats (four treated and one control) that were killed daily during DXR treatment and for a period of time after treatment, until alopecia arose. Skin samples were collected from the affected area and processed for histological and ultrastructural analyses.
Animal studies have been performed in accordance with the guidelines of the Human Morphology Department on the use of laboratory animals.
Histological and Ultrastructural Analysis
Representative skin tissue samples from DXR treated and control rats (2 Â 4 mm) were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 3 h at 41C, washed in 0.1 M phosphate buffer and postfixed in 1% osmium tetroxide (OsO 4 ) in 0.1 M phosphate buffer. Samples were dehydrated through an ascending series of ethanol and embedded in Araldite. Ultrathin sections 70 nm thick) were cut on a diamond knife, with a Reichter Ultracut R ultramicrotome (Leica, Wien, Austria) and stained with uranyl acetate and lead citrate. Samples were observed with a Jeol CX100 transmission electron microscope (Jeol, Tokyo, Japan). Semithin sections 700 nm thick) were stained with toluidine blue for observations with a Nikon Eclipse 600 (Nikon, Tokyo, Japan) light microscope and the images were collected with a digital camera (Nikon DXM1200).
For statistical analysis of the incidence of oncosis, mitosis and apoptosis, we collected data from two treated animals and one control for each of the time points. At least 50 hair follicles from each animal were considered. Each follicle was divided into three compartments: proximal connective tissue sheath (CTS), matrix (keratinocytes under Auber's line) 17 and outer root sheet (ORS). Data regarding the cells of the epidermis were obtained from at least eight nonserial sections derived from two different blocks per animal.
Light Microscopy Morphometric Analysis to Recognize Oncotic Cells
We identified oncotic cells according their morphological features: a large round-shaped nucleus with an evident nucleolus and a cytoplasm showing poor affinity to toluidine blue.
To Specific staining was performed on cryostatic sections using the BCIP/NBT liquid substrate system (Sigma-Aldrich, St Louis, MO, USA), according to the manufacturer's instructions. Briefly, sections were dried at room temperature (RT), fixed with cold acetone (À301C) for 3 min, washed with physiological solution (0.9% NaCl in bidistilled water), incubated with the reagent (1-2 min) at RT in the dark, washed with bidistilled water and mounted with Mowiol (Calbiochem, Merck, Darmstadt, Germany).
Statistical Analysis
At the different time points, apoptotic, mitotic and oncotic cells were counted. Mean percentages and relevant standard errors are quoted. All data were subjected to univariate variance analysis, using a fully factorial model. In all the significant cases, 18, 19 a post hoc Scheffé test was carried out (SPSSversion: Windows 11.5.1).
Results
Here we present results referring to the four time points that best represented the general dynamics of the observed process. Between closer times points, no appreciable differences were evident. The outline of the experiment is reported in Figure 1 . Treated animals received the first DXR dose at time T0 and therefore, T1 indicates animals that received one dose and were killed 24 h later, T5 indicates animals that received all four doses and were killed 24 h later. In the case of T7 and T10, animals were sacrificed respectively 3 and 6 days after the last DXR injection. In general, we observed a sudden degeneration of the entire hair follicle, beginning at T5 and proceeding to T7. By T10, the processes reached their maximum in which at least 50% of the head and 80% of the proximal neck skin surface showed alopecia. The time points mentioned above were thus selected because they best represented the dynamics of this observation.
During the course of the experiment, we also noted that treated rats progressively lost weight and became smaller in size with respect to their untreated (control) littermates. The modifications occurring within the hair follicles at the different time points considered have been detailed below.
T1: HF and Epidermis do not Show Degenerative Features
Examination by light microscopy showed the four epidermal layers: basal, spinous, granular and cornified layers in the occipital region of T1. Basal layer cells faced the lateral sides and were prismatic in shape. In every layer of stratum granulosum, keratohyalin granules increased in size towards the stratum corneum. The stratum corneum, as seen in normal epidermis, included a variable number of layers containing corneocytes anucleated ( Figure 2a ).
HFs were in the anagen phase and were well organized in all portions of their complex architecture: inner root sheath (IRS), ORS, cuticles, cortex and medulla ( Figure 3 ). Bulbs were big and included several cells that displayed a mitotic figure. Bulbs were placed within the panniculum adiposum and embraced the follicular papilla (FP) (Figure 4a , b).
Electron microscopy further confirmed the data regarding keratinocytes of the epidermis: keratohyalin granules were well defined in the stratum granulosum and cells showed elongated nuclei that generally followed cell shape as seen in normal epidermis. Cells of the basal and suprabasal layers were linked by numerous desmosomes and showed many mitochondria with well organized cristae ( Figure 5e ) and large keratin bundles (Figure 5a ).
Within the hair follicle, ORS cells were large and clearly showed the presence of both glycogen granules and organelles such as the mitochondria and the endoplasmic reticulum within their cytoplasm ( Figure 6a ).
T5: Oncosis in the Epidermis-Apopotosis in the Matrix and in the CTS
At this time point, untreated animals did not show evident changes with respect to T1 by either light or electron microscopy. The follicles, however, as obviously expected, were in a more advanced stage of the anagen phase.
In the epidermis of treated animals, 18,6% of keratinocytes were oncotic (Tables 1 and 2; Figures  7a and 8) . Under light microscopy, cells with enlarged nuclei with respect to the control were evaluated as oncotic. Morphometric analysis revealed that the surface area of oncotic nuclei was about five times greater than that of normal nuclei. Granules of the stratum granulosum appeared irregular in shape within the single cell layers and showed an abnormal coalescence, resulting in a Tables 1 and 2 ; Figures 7c and 9 ). Apoptotic nuclei were not visible in either control or T1 samples. Fibroblasts of the FP began to assume an irregular shape, suggesting the shift to a quiescence state that became more evident in successive time points with the clustering of FP fibroblasts. Cell morphology and orientation appeared to divert from the typical organization of anagen V/VI, in which cells typically showed spindle-shaped nuclei with the major axis oriented parallel to the direction hair growth ( Figure  4c ). As was observed in the epidermis, ORS keratinocytes showed oncotic features, but in this case, these features were observed in only a small percentage, approximately 2.69%, of the keratinocytes (Tables 1 and 2 ; Figures 7b and 8) .
Observations by electron microscopy confirmed that epidermal cell shape in treated animals was more regular than that observed in control animals. Nuclei of epidermal cells were often enlarged with Figure 5 Electron microscopy of the epidermis from treated rats at T1 (a), T5 (b), T7 (c) and T10 (d). Inset: mitochondria, higher magnification. Note the increase in cristae damage with respect to time, and the progressive swelling and loss of convolute edges and chromatin rarefaction. Bar: 2 mm. (e) Higher magnification of the mitochondria at T1. Note the correct organization of membranes. Bar: 500 nm. (f) higher magnification of the mitochondria at T5. Note the loss of cristae organization, but the maintenance of the external double membrane, indicating that changes in membranes are not imputable to artifacts occurred during sample processing. N: nucleus. Bar: 500 nm.
Chemotherapy-induced hair damage S Selleri et al chromatin condensed at the nuclear edge, while the remaining nuclear content appeared to be less dense and a big nucleolus was also evident in either the centre or at the periphery of the nucleus (Figure 5b) . Furthermore, although mitochondria were present with an intact outer membrane, a loss of the correct organization of the cristae was sometimes evidenced, suggesting that cristae damage could not be imputed to processing artifacts (Figures 5e, f) .
In the hair follicle, ORS cells showed a reduction in glycogen content and mitochondria often appeared swollen and with damaged cristae. IRS, cortex and medulla cells were normal (Figure 6b ).
T7 Oncosis is Detected in the ORS
At the T7 time point, control animals failed to display any characteristic difference with respect to the other time points. In treated animals, light microscopy revealed that 39.5% of epidermal keratinocytes were oncotic (Figure 2c ; Tables 1 and  2 ; Figures 7a and 8 ). In the hair follicle, the initial phases of follicular structure degeneration were observed (Figure 4e, f) . In total, 26% of ORS keratinocytes displayed oncosis (Tables 1 and 2 ; Figures 7b and 8) . Cells within the matrix showed rare apoptotic figures (Tables 1 and 2; Figures 7c and  9 ). The FP appeared to lose its close relationship to the bulb, even though the FP was still surrounded Mean values and relevant7standard errors are quoted. Zero-values have been omitted. All data have been subjected to univariate variance analysis, using a fully factorial model. All source of errors (treatment and site) were significant (Po0.01) for all the observed cellular aspects (apoptosis, mitosis, oncosis). Since interaction site Â treatment was also significant, it was decided to analyze the three sites separately. In both the ORS and the epidermis, the only cellular aspect that differs significantly between treatments is oncosis. Within the bulb, only the percentage of apoptotic cells differs significantly. In all cases that presented statistical differences, a post hoc Scheffé test has been carried out (see Table 2 ). Mean values for homogeneous subsets are quoted (increasing order). In subsets collected together, treatment groups are not significantly different, while different subsets are significantly different (alpha ¼ 0.5).
Chemotherapy-induced hair damage S Selleri et al by bulbar cells in some hairs (Figure 4e ). CTS fibroblasts showed apoptotic forms that were directly comparable to the ones formerly documented in the previous time point (Tables 1 and 2 ; Figures  7d and 9 ). At this time point, we also noted a reduction of the panniculum adiposum, that was still present (Figure 4e ), but disposed prevalently within the deep portions of dermis. Under electron microscopy, epidermal keratinocytes appeared more rounded in shape with respect to control cells. General cell dimension also increased. Nuclei were larger than normal and revealed a preferential distribution of chromatin to the edges of the nucleus (Figure 5c ).
Within the hair follicle, both nuclei and ORS cells seemed swollen and their mitochondria were damaged. Glycogen granules were not detectable. The rough endoplasmic reticulum was preserved but the number of free cytoplasmic ribosomes diminished with respect to the control thus making the cytoplasm appear generally more dispersed ( Figure  6c ). These features all clearly suggested an oncotic process.
T10: An Increase in Oncosis within the Epidermis and ORS, and Movement of the HF towards the Epidermis-the Terminal Stage of the HF-Regressing Pathway
At T10, control animals continued to show no particular differences with respect to the control animals of other time points during the experiment. Treated animals displayed alopecia in the occipital region (over the head and the proximal part of the neck).
Analysis of the epidermis revealed a larger number of oncotic cells with respect to T7 (Tables  1 and 2 and Figures 7a and 8) , and its surface appeared rough (Figure 2d) .
HFs degenerated and profound morphological changes involving the entire three-dimensional architecture were observed. These changes were similar to a dystrophic catagen stage. The follicle assumed a screw-like shape and decreased in size and the shaft appeared to collapse within the pilary canal. The typical ordered structure of medulla, cortex and cuticle was lost, consequently becoming shrunken, small and spiraled ( Figure 10 ). Alkaline Tables 1 and 2 ). Alopecia was further accompanied by the sudden loss of the transitory portion of the hair. Fat cells, which were large and numerous in controls, progressively regressed in treated rats. In fact, these cells were very small and had almost totally disappeared in animals showing alopecia. This is in accordance with the observed loss of animal body weight, which was clearly noticed during treatment. Adipocytes did not show apoptotic or oncotic features: the decrease in size of the panniculum adiposum is probably only due to a decrease in lipidic content of cells after the metabolic stress induced by drug administration. A progressive reduction in number of blood vessel in the dermis was also observed.
Electron microscopy confirmed that keratinocytes from treated epidermis were swollen, contained large nuclei in which a large nucleolus was present, and with chromatin selectively condensed to the nuclear edges. Cells displayed a more dispersed cytoplasm with respect to what was observed for control cells, probably due to the fewer number of keratin bundles, and mitochondria appeared damaged (Figure 5d ).
In the HF, ORS cells showed a major reduction of glycogen granules to the point where they nearly disappeared completely (Figure 6d-f) . As observed in the epidermis, keratinocytes of the ORS also appeared swollen. In these abnormal cells, the mitochondria appeared swollen and the organization of the cristae was damaged. Since the same mitochondria also displayed an intact external double-membrane, we can exclude the occurrence of artifacts during sample processing. The cytoplasm showed regular numbers of keratin bundles and free ribosomes. The rough endoplasmic reticulum appeared large and evident membrane systems and vesicles were present (data not shown). As observed by light microscopy, the hair shaft appeared very condensed and the organization of the medulla was indistinguishable from that of the fiber. The shape of the fiber was not round in section, generally appeared collapsed and showed an abnormal aggregation of electron dense material (Figure  6e, f) . Furthermore, the IRS appeared irregular, following the morphological alteration of the entire HF (Figure 6e, f) . Figure 12 Schematic representation of the DXR-induced dystrophic catagen stage. T1 (1 day after the first DXR injection): in the matrix, about 2% of the cells were in mitosis. T5 (1 day after the last DXR injection): first significant signs of suffering in the epidermis. About 19% of keratinocytes are oncotic. Apoptosis, occasionally detected in the matrix compartment, is more represented in the CTS. T7 (3 days after the last DXR injection): number of oncotic cells increase both in the epidermis and in the ORS. T10 (6 days after the last DXR injection): the HF appears to have completed is dystrophic catagen pathway and alopecia subsequently arises.
Discussion
This is the first comprehensive study of the modifications occurring in the mesenchymal and the epithelial compartments during the regression of the hair follicles induced by DXR treatment. In our model, we observed that hair follicle degeneration proceeded in distinct steps and in a precise sequence of events that involved both the mesenchymal and epithelial components of the hair follicle ( Figure 12 ). Hair follicle degeneration arose rapidly 5 days after the initiation of DXR treatment and lead to hair loss by a 'dystrophic catagen' pathway. 'Dystrophic catagen' is a form of rapid response of the HF to chemotherapy-induced damage. As previously described by Paus et al 20 and Ohnemus et al 21 this stage is characterized by shortened, catagenlike HF and abnormally dilated hair canals that do not contain hair shafts. These characteristics are also associated to pigmentary abnormalities. Although we did not observe these exact symptoms, probably due to differences in both animal models (albino rats vs black mice) and chemotherapy treatment, the morphological changes observed, particularly occurring in T10, paralleled the characteristic features (eg rapid HF shortening) of the dystrophic catagen phenomenon (Figure 10 ).
Mesenchymal Compartment
The involvement of the mesenchymal compartment in both CTS and FP was detected in our experiments a single day after the end of treatment (T5).
With respect to the CTS, apoptotic fibroblasts were observed surrounding the lower portion of the bulb, near the opening that connects the FP to the CTS. Apoptosis is known to be involved in a wide number of remodeling phenomena, and frequently accompanies differentiative processes. During development and differentiation, organs and tissues are frequently sculpted through the addition or subtraction of cells, respectively by mitosis and programmed cell death. 22, 23 The cycling portion of the hair follicle proceeds through repeated growth and regression events and thus, the involvement of mitosis and apoptosis in this processes are commonly accepted. 24 During physiological catagen, apoptosis in the epithelial cells of the transient portion of the follicle has been proposed as the pivotal mechanism involved in the reduction of cell number. 25, 26 Some authors particularly emphasize that the involvement of apoptosis of the CTS can contract and squeeze or push the follicle towards the epidermis. [27] [28] [29] In our opinion, apoptosis that induces the retraction of the CTS may further provide a mechanical signal leading to the degeneration of the entire hair follicle and in particular, the more proximal matrix cells. In fact, several studies have reported the importance of mechanical stimuli to the induction of apoptosis. [30] [31] [32] At T5, important modifications were also noted in the FP which is the second mesenchymal compartment of the hair follicle. FP cells, which originally aligned their major axis parallel to the direction of hair growth, were observed to randomize their orientation, thus losing their cylindrical organization within the bulb (this phenomenon is known in pathology as 'loss of polarity of cells'). These modifications lead to the reduction of contact surface between FP and matrix cells. Fibroblasts lost their homogeneous shape and began to both condense and reduce their biosynthetic activity, as suggested by the decrease in extracellular matrix (ECM). This has been reported to also occur in physiological catagen. 17 Due to the release of many morphogenetic factors, the FP has an important role in regulating the proliferation, differentiation and degeneration of matrix keratinocytes. 33, 34 This activity requires that both matrix cells and fibroblasts maintain close contacts via the ECM. 34, 35 Therefore, the involution of matrix cells may by assisted by the reduction of the physical relationships between FP cells and the matrix, the direct action of DXR and the mechanical stimuli arising from CTS retraction.
In our experiments, apoptosis in the FP was never detected. This agrees with previous data reported on physiological catagen, 26 which confirmed the FP as a protected site, probably due to expression of antiapoptotic molecules such as BCL-2.
24,36
Moreover, we noted the presence of an epithelial strand that maintained the FP connected to the follicle (see Figure 11 ). During physiological catagen, it is known that this epithelial strand plays a pivotal role in the regrowth of a new HF by guiding stem cells towards the FP. 37 We speculate that in chemotherapy-induced alopecia, the close relationship between the FP and this epithelial strand plays a similar pivotal role in guaranteeing the growth of a new follicle, thus rendering hair loss reversible.
Epithelial Compartment
It has been proposed that apoptosis in matrix cells is the major cause of chemotherapy induced hair loss. 9, 38 However, in our experimental model of DXR-induced alopecia, we observed only a low number of apoptotic forms in the matrix. The apoptosis might be related to a DXR-induced downregulation of beta-catenin expression; 39 this protein has been reported to play an antiapoptotic role on matrix cells. 40 The lack of a great number of apoptotic cells suggested that apoptosis may not be the only form of cellular damage within the epithelial compartment of DXR-treated hair follicles. Accordingly, Cece et al 10 reported only a minimal number of apoptotic cells in the bulb of hairs of DXR treated animals (maximum 1.2%). It is possible that the differences reported in literature may depend on either the animal model or the drug type and schedule used (acute or chronic treatments). In order to better parallel the protocols used in the clinic, low drug doses, compatible with prolonged treatments, were adopted for our animal model. This is in contrast to the acute treatments that are normally used with animals in similar studies. 20 It is noteworthy that in the tongue epithelium of mice treated with DXR, apoptosis was observed only after the administration of high drug doses. 41 In order to explain the regression that occurs in the epithelial compartment in the absence of high levels of apoptosis, another mechanism of cell deletion must play a role. We observed that keratinocytes in the epidermis at T5, and in both the epidermis and the ORS at T7, underwent morphological changes leading to swollen nuclei with chromatin condensed to the nuclei edges, a big nucleolus and dispersed cytoplasm. These changes became much more evident in the subsequent time point (T10). We identify these morphologically different cells as oncotic. Oncosis is described as a form of cell death, which is distinct from apoptosis, even though some steps leading to cell death are shared between these two mechanism. 42, 43 As reported above, oncosis is due to the failure of ionic pumps on the plasma membrane, and is typically caused by ischemia and toxic agents that interfere with ATP generation or increase membrane permeability. 13 DXR is known to both damage ionic pumps on the plasma membrane and to interfere with mitochondrial activity. [44] [45] [46] Moreover, DXR has been also reported to induce oncosis in different cells types, such as human endothelial cells, 15 melanoma 47 and myocytes. 48 Depletion of the glycogen content in ORS cells, which was clearly evident in our samples from T7 (data not shown) and T10, has been reported as one of the side effects of DXR. 49, 50 Glycogen metabolism is very important in the epidermis and, in particular, within the hair follicle. 37 In general, the accumulation of glycogen granules is inversely proportional to metabolic activity. 17 Data reported in literature have suggested that glucose transport may represent an early target for DXR. 51 It is thus possible to suggest that ORS cells tend to accelerate their activity in order to face the metabolic stresses caused by increasing DXR-induced damage, but the extensive injuries caused prevent the formation of new granules. The reduction in the amount of glycogen in ORS cells may therefore explain the high level of oncosis.
Taken together, our data suggest the need to reevaluate the role of the mesenchymal compartment of the hair follicle in chemotherapy-induced alopecia, and more generally, in hair-remodeling processes. We further demonstrate the role of an alternative cell death mechanism, namely oncosis, responsible for hair regression in chemotherapyinduced alopecia. Further studies addressing the molecular pathway of oncosis could be useful in providing the framework for new therapies directed at preventing chemotherapy-induced alopecia.
